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Pathogenicity in Francisella tularensis subspecies <p>.Sequencing of the non-pathogenic <it>Francisella tularensis </it>sub-species novicida U112, and comparison with two pathogenic  sub-species, provides insights into the evolution of pathogenicity in these species.</p>
Abstract
Background: Francisella tularensis subspecies tularensis and holarctica are pathogenic to humans,
whereas the two other subspecies, novicida and mediasiatica, rarely cause disease. To uncover the
factors that allow subspecies tularensis and holarctica to be pathogenic to humans, we compared
their genome sequences with the genome sequence of Francisella tularensis subspecies novicida
U112, which is nonpathogenic to humans.
Results: Comparison of the genomes of human pathogenic Francisella strains with the genome of
U112 identifies genes specific to the human pathogenic strains and reveals pseudogenes that
previously were unidentified. In addition, this analysis provides a coarse chronology of the
evolutionary events that took place during the emergence of the human pathogenic strains.
Genomic rearrangements at the level of insertion sequences (IS elements), point mutations, and
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small indels took place in the human pathogenic strains during and after differentiation from the
nonpathogenic strain, resulting in gene inactivation.
Conclusion: The chronology of events suggests a substantial role for genetic drift in the formation
of pseudogenes in Francisella genomes. Mutations that occurred early in the evolution, however,
might have been fixed in the population either because of evolutionary bottlenecks or because they
were pathoadaptive (beneficial in the context of infection). Because the structure of Francisella
genomes is similar to that of the genomes of other emerging or highly pathogenic bacteria, this
evolutionary scenario may be shared by pathogens from other species.
Background
The genomes of bacterial pathogens are constantly evolving
through various processes. The acquisition of genes that pro-
mote virulence by lateral transfer is a common property of
pathogens [1,2]. The acquisition of additional virulence fac-
tors or pathogenicity islands can alter a pathogen's virulence
or host range, or both. For example, the diseases caused by
pathogenic  Escherichia coli strains can take very diverse
forms, depending on the virulence factors encoded in the
locus of enterocyte effacement present in their genomes [3].
In addition to gain of function by gene acquisition, loss of
function has also been postulated to play a role in evolution
toward greater pathogenicity and host adaptation. Indeed,
highly pathogenic strains tend to harbor numerous pseudo-
genes, whereas related strains that are mildly pathogenic do
not. Comparison of Burkholderia and Bordetella genomes
suggests that loss of function contributes to host adaptation
[4,5]. In practice, few occurrences of fixed loss of function
have been demonstrated to be beneficial for virulence [6,7]. It
is therefore probable that many of the pseudogenes are
merely the result of lack of selection for functions that are not
needed in the host environment or of evolutionary bottle-
necks [8-11].
One mechanism that promotes accelerated gene loss in path-
ogens may be the insertion of insertion sequences (IS ele-
ments). Analyses of genomes of some virulent strains have
revealed numerous IS elements and rearrangements. In
many genome comparisons with free-living or less virulent
strains, a correlation between IS elements, pseudogenes, and
genomic rearrangements has been observed. In Shigella
flexneri for instance, IS elements have disrupted one-third of
all genes annotated as pseudogenes [12]. Based on this obser-
vation and other comparisons [4,12-16], it has been proposed
that the proliferation of IS elements is the cause of a large
number of pseudogenes and genomic rearrangements in
emerging or highly virulent pathogens. Given the fact that
many highly virulent and emerging pathogens share these
genomic features [4,12-16], it is important to understand and
establish the relationship (if any) between gene acquisition,
IS elements, pseudogenes, and genomic rearrangements.
In order to examine in detail the genetic determinants and the
evolutionary processes involved in the emergence of Fran-
cisella human pathogenic strains, we compared the genomes
for human pathogenic strains with the genome of a strain that
is not pathogenic to humans, namely Francisella tularensis
subspecies novicida U112. The facultative intracellular path-
ogen  Francisella tularensis causes the zoonotic disease
tularemia in a wide range of animals. Four subspecies of this
Gram-negative organism are recognized: holarctica, tularen-
sis,  novicida, and mediasiatica. Subspecies tularensis  is
extremely infectious in humans; as few as ten colony-forming
units can cause a successful infection that can be lethal if it is
not treated. Subspecies holarctica causes a milder disease,
which is also known as tularemia [17]. The subspecies novic-
ida  diverged from an ancestor common to the subspecies
tularensis  and  holarctica  [18]. Subspecies novicida  is not
infectious in humans but it causes a disease in mice that is
very similar to tularemia, and it can replicate within human
macrophages in vitro [19]. A few cases of human infection
with subspecies novicida have also been reported in immun-
odeficient patients [20,21]. Similar virulence strategies are
used by the various subspecies [22,23], although subspecies-
specific factors must determine differences in host range and
infectivity.
The genomes of holarctica and tularensis strains both exhibit
properties similar to those of other highly virulent pathogens
[16,24,25]: high IS element content, numerous genomic rear-
rangements, and a high number of pseudogenes. A two-way
comparison between a holarctica  and a tularensis  strain
revealed a strikingly different genome organization between
them, mediated by ISFtu1 and ISFtu2 [16]. Since both strains
are pathogenic to humans, this comparison could not be used
to investigate the factors that enable these strains to infect
humans. Such an investigation became possible with the
genome sequence and annotation of F t novicida U112. In
contrast to the F tularensis strains already sequenced, F t
novicida U112 belongs to a subspecies that diverged from a
common ancestor before the divergence of the two human
pathogenic subspecies. Using the sequence of the genome of
U112, we looked in particular for acquired sequences and
genomic rearrangements that would have occurred before
divergence of the subspecies tularensis and holarctica. The
comparison of the genome of U112 with the genomes of F t
tularensis Schu S4 and F t holarctica LVS (live vaccine strain)
allowed us to determine the evolutionary processes thathttp://genomebiology.com/2007/8/6/R102 Genome Biology 2007,     Volume 8, Issue 6, Article R102       Rohmer et al. R102.3
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potentially contributed to the ability of tularensis and holarc-
tica strains to infect humans. In addition, it shed some light
on the relationships between pseudogenes, IS elements, and
genomic rearrangements. The annotation of the strain U112
genome also provides a foundation for systematic genome-
scale studies of Francisella virulence and related processes
using a wild-type organism that does not require high-level
laboratory containment. Major attributes of F tularensis vir-
ulence have already been uncovered using the strain U112
[26-30], in advance of confirmation using human virulent
bacteria.
Results and discussion
Genomic rearrangements at the level of IS elements 
repeatedly took place in the human pathogenic strains 
but seldom in F t novicida U112
The genomic nucleotide sequence is highly conserved between the 
three strains but different mutation rates are apparent
We compared the newly sequenced genome of F t subspecies
novicida  strain U112 with the published sequence of the
genomes of F t subspecies tularensis strain Schu S4 [25] and
that of F t subspecies holarctica strain LVS (Chain and cow-
orkers, unpublished data). Some general properties and fea-
tures of the three genomes are summarized in Table 1, in
which the extent of the similarity between the three subspe-
cies  is a pp ar en t.  Th e  g en ome  of U1 12  is 1 7  k iloba se s ( k b)
larger than the Schu S4 genome and 14 kb larger than the
genome of LVS. Few strain-specific regions were detected in
this three-way comparison: the genome of U112 carries about
240 kb of sequences not found in the two other strains; the
genome of Schu S4 carries 17.3 kb of strain-specific regions;
and the genome of LVS does not contain any specific regions.
The origin of replication of the U112 chromosome (around
position 1) was predicted according to one of the switching
points of the GC skew and by searching for DnaA-binding
sequences. It is consistent with the predicted origin of repli-
cation of the chromosomes of Schu S4 and LVS, suggesting a
common genome backbone for the three subspecies. The esti-
mated nucleotide sequence identity is 97.8% between the
sequences common to the U112 and the LVS genomes, 98.1%
between the sequences common to U112 and Schu S4, and
99.2% between the sequence common to Schu S4 and LVS.
The proposition based on physiologic experiments and DNA-
DNA re-association [20] that novicida may be classified as a
subspecies of tularensis is supported by the nucleotide iden-
tity between genomes.
Although no official genomic criteria exists to classify strains
into species, Konstantinidis and coworkers [31] found that
almost all 70 strains in their study set that reside in the same
species exhibited greater than 94% average nucleotide iden-
tity (ANI). They also showed that the classification based on
ANI correlates with classifications performed with 16S RNA
sequences, DNA-DNA re-association, and mutation rate. In
comparison, the few sequences of the other Francisella spe-
cies available in Genbank, namely Francisella philomiragia,
exhibit an ANI of 91.66% with the genome of U112. The ANI
corroborates the proposition that novicida arose by diverging
from an ancestor common to the subspecies tularensis and
holarctica, and that the subspecies tularensis and holarctica
subsequently diverged from a common ancestor [31,32].
Based on the average level of nucleotide identity between the
three genomes, it is possible to estimate the rate of substitu-
tion in the genomes of holarctica and tularensis after their
divergence. The genomes of holarctica strains are estimated
to have evolved at an average rate of 0.55 base pairs (bp)/100
bp from the common ancestor, whereas the genome of Schu
S4 diverged at the lower rate of 0.25 bp/100 bp.
Table 1
The general properties of the genomes are compared
Property Strain (subspecies)
U112 (novicida) Schu S4 (tularensis)L V S  ( holarctica)
Size (base pairs) 1,910,031 1,892,819 1,895,998
GC content (%) 32.47 32.26 32.15
Protein coding genes 1731 1445 1380
Pseudogenes 14 254 303
ISFtu1 or remnant 1 53 59
ISFtu2 or remnant 18 18 43
ISFtu3 or remnant 4 3 3
ISFtu4 or remnant 1 1 1
ISFtu5 or remnant 0 1 1
ISFtu6 or remnant 2 3 2
Source (year, place) Water (1950, Utah) Human (1941, Ohio) Live vaccine strain (ca. 1930, Russia)
LVS, live vaccine strain.R102.4 Genome Biology 2007,     Volume 8, Issue 6, Article R102       Rohmer et al. http://genomebiology.com/2007/8/6/R102
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Genome reorganization occurred in the human pathogenic F 
tularensis ancestral strain during or after differentiation from the 
nonpathogenic strain
A recent study using paired-end sequencing [24] indicated
that the organization of the genomes of holarctica strains and
tularensis strains is not conserved. However, the organiza-
tion was highly similar for the genomes of the 67 holarctica
strains analyzed. Similarly, the genome of holarctica strain
OSU18 is collinear with the genome of the holarctica strain
LVS, but it is organized differently than the genome of Schu
S4 [16]. These findings extend the phylogenetic and molecu-
lar evidence that the strains are mostly clonal in the subspe-
cies  holarctica  and that their genome is relatively stable
[18,32-34]. The subspecies tularensis can be divided into two
distinct groups (type AI and AII) [18,35]. According to ampli-
fied fragment length polymorphism and restriction fragment
length polymorphism analyses, genomes in the subspecies
tularensis  are organized differently but are similar within
groups [33,34]. Hence, the genome of LVS is representative of
all genomes in the subspecies holarctica, whereas the genome
of Schu S4 represents genomes in the type AI group.
Sequence alignment of the U112 and Schu S4 genomes reveals
59 chromosomal segments with the same gene content and
gene order in both organisms, but arranged differently
throughout both genomes (Figure 1). Chromosomal segments
with the same gene content and gene order in two bacterial
genomes are hereafter termed 'syntenic regions'. The discrep-
ancy in the order of the chromosomal segments between the
two genomes suggests that regions have been moved, in one
genome or the other. Hence, there are a total of 118 genomic
breakpoints when comparing the two genomes. Similarly, 59
syntenic regions are arranged differently when comparing the
genomes of U112 and LVS, and 51 are arranged differently
between the genomes of Schu S4 and LVS (Figure 1), which is
the same amount as found when comparing Schu S4 and
OSU18 genomes [16]. Twenty-eight out of the 59 syntenic
blocks (47%) are nearly identical in the genomes of Schu S4
and LVS relative to the genome of U112. However, the order
in which the blocks are arranged differs greatly. This suggests
that these syntenic blocks formed before differentiation
between both human pathogenic subspecies, but moved inde-
pendently later in one or both genomes. The rest of the syn-
tenic blocks in LVS and Schu S4, in comparison with U112,
The alignment of the genomes reveals multiple genomic rearrangements  probably mediated by IS elements Figure 1
The alignment of the genomes reveals multiple genomic rearrangements 
probably mediated by IS elements. Each genome was aligned against each 
of the others using Nucmer (see Materials and methods). Horizontal and 
vertical lines represent the location of the IS elements in the compared 
genomes. The breakpoints of the syntenic blocks in the subspecies 
holarctica and tularensis are often associated with IS elements, whereas IS 
elements do not border most syntenic blocks in the genome of novicida. 
bp, base pairs; F.t., Francisella tularensis; IS, insertion sequences; LVS, live 
vaccine strain. Figure 1http://genomebiology.com/2007/8/6/R102 Genome Biology 2007,     Volume 8, Issue 6, Article R102       Rohmer et al. R102.5
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differ both in content and order (Figure 1), which suggests
that they formed after differentiation of the two subspecies.
Localization of IS elements at genomic breakpoints suggests that IS 
elements are involved in most genomic rearrangements in the human 
pathogenic strains
Six types of IS elements were identified in the three genomes.
Five of them are present in the three genomes at least in a
remnant form, whereas one, ISFtu5, is only present in the
subspecies holarctica and tularensis. As shown in Table 1, the
number of each IS element varies greatly in the three strains.
The difference in numbers of ISFtu1 and ISFtu2 elements is
particularly large. It suggests that ISFtu1 has transposed and
proliferated in the genomes of the subspecies tularensis and
holarctica, or in the genome of their common ancestor.
ISFtu2 exhibits more proliferation in the holarctica genome.
I S F t u 1  a p p e a r s  t o  h a v e  b e e n  r e p l i c a t e d  e s s e n t i a l l y  i n  t h e
ancestor of holarctica and tularensis strains becuase 46 out
of 53 elements are bordered by the same sequences in both
genomes. Nine ISFtu1 elements exhibit the same bordering
regions on both sides in the two subspecies genomes. How-
ever, 37 other ISFtu1 elements share only one side with an
element in the other genome, indicating rearrangements spe-
cific to each subspecies. About 13 ISFtu2 elements may have
transposed in the ancestral genome of tularensis and holarc-
tica, as indicated by common bordering sequences, but have
undergone subsequent rearrangements because ten ISFtu2
elements have only one common side.
These findings strongly support the proposition that genomic
rearrangements occurred in the genomes of the tularensis
and  holarctica  strains by homologous recombination at
ISFtu1 and ISFtu2 elements [16]. This proposition is also sup-
ported by the fact that 82% of breakpoints of LVS-Schu S4
syntenic blocks are bordered by an IS element within 100 bp
(Figure 1). Similarly, 60% of the breakpoints in LVS-U112 and
Schu S4-U112 syntenic blocks are bordered by IS elements in
the genome of the human pathogenic subspecies (Figure 1).
This lower incidence may be due to transposition of IS ele-
ments subsequent to the initial rearrangement. IS elements
appear to play a prominent role in rearrangement events, fur-
ther corroborating that these events took place in the ancestor
of holarctica and tularensis. Indeed, 88% of the Schu S4-
U112 syntenic blocks are bordered by an IS element at one
extremity or both in the genome of Schu S4. On the other
hand, the location of IS elements in the genome of U112
exhibits association with breakpoints for merely four ISFtu2
elements. This suggests that the IS elements did not play a
prominent role in the evolution of the strains that are not
pathogenic to humans.
In summary, comparative analysis using the genome of U112
revealed that the complex evolutionary scenario of the three
F tularensis subspecies involves the transposition of ISFtu1
(tularensis and holarctica) and ISFtu2 (novicida, tularensis,
and  holarctica), accompanied by replication of these ele-
ments and genomic rearrangements at the location of these
elements at distinct steps in genome evolution.
Comparison with the novicida genome identifies genes 
specific to the human pathogenic strains and reveals 
pseudogenes not previously uncovered in their 
respective genomes
The gene content of F t novicida U112 reveals a species genome 
backbone
In the genome of U112, 1,731 protein-coding genes, 14 pseu-
dogenes, and seven disrupted genes encoding an IS element
transposase were identified. The coding regions (1,751,817
bp) represent 91.72% of the entire genome. Thirty-eight tRNA
genes were identified, representing 30 anticodons encoding
the 20 amino acids as well as three operons encoding the 5S,
16S, and 23S ribosomal RNAs and tRNAs for alanine and iso-
leucine. The same RNA genes and operons are found in the
genomes of tularensis and holarctica. Overall, 1,813 distinct
genes (excluding IS element genes and 33 hypothetical genes
that we believe are noncoding) were found in at least one of
the three genomes. Out of these 1,813 genes, a total of 1,572
gene sequences (functional or disrupted) are common to the
three genomes. Hence, the core gene set may represent about
86.4% of all distinct genes identified in the three genomes
(Additional data file 1).
Human pathogenic strains contain genes that are absent from the 
nonpathogenic strain U112
In addition to this core gene set, the genomes of LVS and Schu
S4 contain 41 genes whose sequences are absent from the
genome of U112, and thus may play an important role in the
virulence of holarctica and tularensis for humans. Thirteen
are single genes found within sequences common to the three
subspecies, and the remaining 28 are distributed in specific
regions containing two to six genes (Table 2). Even a small
number of acquired genes can cause specific differences in
pathogenicity [36]. It is interesting that U112 is not virulent
for humans but is nonetheless able to colonize human macro-
phages in vitro. This indicates that the strain encodes viru-
lence factors that are important for the infection of human
macrophages but that it lacks specific factors that make
human infection possible for the holarctica and tularensis
strains. Hence, it is possible that some of the 41 genes that are
specific to human pathogenic strains but are lacking in U112
could confer the ability to infect humans. The genome of Schu
S4 contains nine additional protein encoding genes and two
pseudogenes (Table 3) that are absent from the other
genomes, which reduces the list of known tularensis specific
genes [37,38]. An 11.1 kb region (FTT1066-FTT1073) has
been shown to be present in all the strains of the subspecies
tularensis and was named RD8 [37]. It is possible that some
of these specific genes contribute to the greater virulence of
the tularensis strains compared with the holarctica strains.
In addition to specific genes, the genome of Schu S4 contains
20 duplicated genes and the genome of LVS has 34 duplicated
genes, found as single copies in the genome of U112. BecauseR102.6 Genome Biology 2007,     Volume 8, Issue 6, Article R102       Rohmer et al. http://genomebiology.com/2007/8/6/R102
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Table 2
Functions specific to human-pathogenic strains (holarctica and tularensis)
Locus tag in
the genome
of Schu S42
Locus tag
in the genome
of LVSa
Size of the
predicted
protein
(amino acids)
G+C
content
(%)
Gene namea Gene product descriptiona Functional 
categoryb
Sequences specific to 
human pathogenic 
strains
FTT0016 FTL_1849 192 30.0 - Hypothetical protein 
FTT0016
Hypothetical
FTT0300 FTL_0211 284 27.4 - Hypothetical protein 
FTT0300
Hypothetical
FTT0301 FTL_0212 289 29.5 - Hypothetical protein 
FTT0301
Hypothetical
FTT0376c FTL_1314 352 28.1 - Hypothetical membrane 
protein
Hypothetical
FTT0395 FTL_0415 237 29.3 - Hypothetical protein 
FTT0395
Hypothetical
FTT0430 FTL_0461 144 34.6 speH S-adenosylmethionine 
decarboxylase
Other metabolism
FTT0431 FTL_0499 289 33.1 speE Spermidine synthase Other metabolism
FTT0434 FTL_0500 328 33.7 - Hypothetical protein 
FTT0434
Other metabolism
FTT0524 FTL_0977 128 28.4 - Hypothetical protein 
FTT0524
Hypothetical
FTT0572 FTL_1339 484 31.5 - Proton-dependent 
oligopeptide transport 
(POT) family protein
Transport
FTT0601 FTL_0780 39 31.6 - Hypothetical protein 
FTT0601
Hypothetical
FTT0602c FTL_0867 492 31.1 - Hypothetical protein 
FTT0602c
Hypothetical
FTT0603 FTL_0870 59 30.3 - Hypothetical protein 
FTT0603
Hypothetical
FTT0604 FTL_0872 144 31.2 - Hypothetical protein 
FTT0604
Hypothetical
FTT0727 FTL_1512 226 29.4 - Hypothetical protein 
FTT0727
Hypothetical
FTT0728 FTL_1513 310 33.2 ybhF ABC transporter, ATP-
binding protein
Transport
FTT0729 FTL_1515 372 30.4 ybhR ABC transporter, membrane 
protein
Transport
FTT0794 FTL_1427 428 30.3 - Hypothetical protein 
FTT0794
Hypothetical
FTT0795 FTL_1426 227 25.5 - Hypothetical protein 
FTT0795
Hypothetical
FTT0796 FTL_1425 253 23.2 - Hypothetical protein 
FTT0796
Hypothetical
FTT0958c FTL_1245 235 33.2 - Short chain dehydrogenase Cell wall/LPS/
capsule
FTT1079c FTL_1123 86 37.3 - Hypothetical protein 
FTT1079c
Hypotheticalhttp://genomebiology.com/2007/8/6/R102 Genome Biology 2007,     Volume 8, Issue 6, Article R102       Rohmer et al. R102.7
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FTT1172c FTL_0777 143 29.4 csp Cold shock protein (DNA 
binding)
Signal transduction 
and regulation
FTT1174c FTL_0776 69 24.5 - Hypothetical protein 
FTT1174c
Hypothetical
FTT1175c FTL_0759 212 25.5 - Hypothetical membrane 
protein
Hypothetical
FTT1188 FTL_0668 211 28.8 - Hypothetical membrane 
protein
Hypothetical
FTT1307c FTL_0211 178 34.5 - Hypothetical protein 
FTT1307c
Hypothetical
FTT1395c FTL_0605 476 30.6 - ATP-dependent DNA 
helicase
Signal transduction 
and regulation
FTT1451c FTL_0604 294 38.4 wbtL Glucose-1-phosphate 
thymidylyltransferase
Cell wall/LPS/
capsule
FTT1452c FTL_0603 286 29.4 wbtK Glycosyltransferase Cell wall/LPS/
capsule
FTT1453c FTL_0602 495 30.1 wzx O-antigen flippase Cell wall/LPS/
capsule
FTT1454c FTL_0598 241 28.9 wbtJ Hypothetical protein 
FTT1454c
Cell wall/LPS/
capsule
FTT1458c FTL_0594 409 22.2 wzy Membrane protein/O-antigen 
protein
Cell wall/LPS/
capsule
FTT1462c FTL_0527 263 29.7 wbtC UDP-glucose 4-epimerase Cell wall/LPS/
capsule
FTT1581c FTL_0511 94 28.5 - Endonuclease Mobile and 
extrachromosomal 
element functions
FTT1594 FTL_1634 330 30.8 - Transcriptional regulator, 
LysR family
Signal transduction 
and regulation
FTT1595 FTL_1633 51 26.9 - Hypothetical protein 
FTT1595
Hypothetical
FTT1596 FTL_1632 132 32.1 - Hypothetical protein 
FTT1596
Hypothetical
FTT1597 FTL_1631 485 30.3 - Hypothetical protein 
FTT1597
Hypothetical
FTT1614c FTL_0502 227 31.6 - Hypothetical protein 
FTT1614c
Hypothetical
FTT1659 FTL_0034 341 26.0 - Hypothetical protein 
FTT1659
Hypothetical
Genes inactivated in 
novicida but functional 
in human pathogenic 
strains
FTT0707 FTL_1529 264 26.9 - Nicotinamide 
mononucleotide transport 
(NMT) family protein
Transport
FTT1090 FTL_1113 225 27.6 - Hypothetical protein Hypothetical
FTT1076 FTL_1125 424 31.1 hipA Transcription regulator Signal transduction 
and regulation
FTT0666c FTL_0940 193 29.5 - Methylpurine-DNA 
glycosylase family protein
DNA metabolism
FTT1450c FTL_0606 348 33.6 wbtM dTDP-D-glucose 4,6-
dehydratase
Cell wall/LPS/
capsule
The genes are grouped in the table by genomic regions. aAs published in the annotation. bThe functional categories were assigned manually for this 
study. LPS, lipopolysaccharide.
Table 2 (Continued)
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they are identical copies, the duplicated genes could be
responsible for a novel gene expression pattern and could
therefore represent a gain of function for the human patho-
genic strains.
Human pathogenic strains have undergone substantial loss of 
function, but not the non-pathogenic strain
Fourteen pseudogenes have been identified in U112 (Addi-
tional data file 1). In contrast, the original annotation of Schu
S4 listed 201 pseudogenes [25]. Using the genome of U112 as
a reference, 53 additional pseudogenes were predicted in the
genome of Schu S4 (Additional data file 1) following a proce-
dure described in Materials and methods (see below), most of
which were annotated as multiple open reading frames
(ORFs) in the published genome. Because the strain LVS was
artificially attenuated, it is expected to contain mutations that
are not found in any other holarctica  genome. Indeed, 11
pseudogene-causing mutations were found to be specific to
the LVS genome [39]. We ignored these 11 pseudogenes for
the following comparative analysis, because they do not rep-
resent a loss of function in the holarctica subspecies as a
whole.
Table 3
The genome of Fracisella tularensis supspecies tularensis Schu S4 encodes specific functions
Gene accession
number
Size of the
predicted 
protein
G+C
content (%)
Gene namea Gene product descriptiona Functional 
categoryb
Genes inactivated or 
deleted in novicida and 
holarctica subspecies
FTT0097 181 31.1 - Hypothetical protein FTT0097 Hypothetical
FTT0432 469 30.3 speA Putative arginine decarboxylase Other metabolism
FTT0435 286 34.9 - Carbon-nitrogen hydrolase family protein Other metabolism
FTT0496 254 33.0 - Hypothetical protein FTT0496 Hypothetical
FTT0525 218 25.9 - Hypothetical protein FTT0525 Hypothetical
FTT0528 125 29.7 - Hypothetical protein FTT0528 Hypothetical
FTT0677c 258 27.2 - Hypothetical protein FTT0677c Hypothetical
FTT0754c 111 24.0 - Hypothetical membrane protein Hypothetical
FTT0939c 314 28.2 add Adenosine deaminase Nucleotides and 
nucleosides 
metabolism
FTT1080c 292 24.8 - Hypothetical membrane protein Hypothetical
FTT1122c 156 36.9 - Hypothetical lipoprotein Hypothetical
FTT1598 944 34.3 - Hypothetical membrane protein Hypothetical
FTT1666c 295 27.8 - 3-Hydroxyisobutyrate dehydrogenase No functional role 
assigned
FTT1667 78 26.5 - Hypothetical protein FTT1667 Hypothetical
FTT1766 218 33.5 - O-methyltransferase Cell wall/LPS/
capsule
FTT1781c 249 30.7 - Hypothetical protein FTT1781c Hypothetical
FTT1784c 102 23.2 - Hypothetical protein FTT1784c Hypothetical
FTT1787c 203 28.7 - Transporter, LysE family Transport
FTT1789 264 29.1 - Hypothetical protein FTT1789 Hypothetical
Sequences specific to 
the tularensis subspecies
FTT1066c 124 27.6 - Hypothetical protein FTT1066c Hypothetical
FTT1068c 192 20.7 - Hypothetical protein FTT1068c Hypothetical
FTT1069c 301 28.3 - Hypothetical protein FTT1069c Hypothetical
FTT1071c 168 33.5 - Hypothetical protein FTT1071c Hypothetical
FTT1072 209 31.6 - Hypothetical protein FTT1072 Hypothetical
FTT1073c 123 31.6 - Hypothetical protein FTT1073c Hypothetical
FTT1308c 202 29.1 - Hypothetical protein FTT1308c Hypothetical
FTT1580c 176 26.4 - Hypothetical protein FTT1580c Hypothetical
FTT1791 120 30.1 - Hypothetical protein FTT1791 Hypothetical
aAs published in the annotation of the genome of Schu S4. bThe functional categories were assigned manually for this study. LPS, lipopolysaccharide.http://genomebiology.com/2007/8/6/R102 Genome Biology 2007,     Volume 8, Issue 6, Article R102       Rohmer et al. R102.9
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When compared with the genome of U112, analysis of the
genome of LVS revealed 303 pseudogenes in addition to those
contained in IS elements (Additional data file 1). OK The
number of protein encoding genes in the genome of LVS and
the subspecies holarctica in general may therefore be about
1,400. The higher mutation rate observed in holarctica
genomes as compared with tularensis  could explain the
greater number of pseudogenes. In addition, at least eight
genes present in novicida and holarctica were lost by the
strain Schu S4, and ten that were present in novicida and
tularensis were lost by LVS. A set of 160 genes were inacti-
vated in both LVS and Schu S4. Taking into account gene
deletion and inactivation, U112 encodes 164 functions that
are no longer active in both holarctica and tularensis strains.
Similarly, 18 functions are specific to the strain Schu S4 and
potentially to the subspecies tularensis in general (Table 3).
Genomic comparison between human pathogenic 
strains and a strain nonpathogenic to humans provides 
a coarse chronology of the evolutionary events that 
took place during the emergence of the former
A reduced set of genes was inactivated in the genome of the strain 
ancestral to human pathogenic strains
A total of 160 genes are inactivated in the genomes of both
subspecies  holarctica  and  tularensis. Upon alignment of
their sequences, 53% of pseudogenes common to LVS and
Schu S4 exhibit at least one common mutation that may have
led to their inactivation, whereas 32% of the pseudogenes
common to both subspecies share no common variations. The
sequence of the remaining 15% is too divergent to determine
a potential common inactivating mutation (Additional data
file 1). This indicates that at least 53% have arisen in the
genome of the human pathogenic ancestor. These 82 pseudo-
genes bearing common mutations are more likely to be
located directly at breakpoints than the pseudogenes not
sharing any common mutation (Figure 2b). In addition, the
IS insertion is the only inactivating common mutation found
in 19 out the 82 pseudogenes from the ancestral strain. This
suggests that IS insertions or subsequent sequence rear-
rangements contributed to at least 22% of the earliest gene
inactivations that took place in the emerging human patho-
genic strain.
Contribution of IS elements and other early mutations to genome 
reduction through initiation of genetic drift
When directly compared with the genome of U112, most pseu-
dogenes in the genomes of Schu S4 and LVS appear to result
from small indels (1 or 2 bp) or nonsense mutations. In tula-
rensis  and  holarctica  genomes, genes within 1 kb from a
genomic breakpoint are twice as likely to be inactivated as
were genes in other genomic locations (Figure 2a). The pro-
portion of genes that are within 1 kb from a genomic break-
point and are inactivated is 28.5% in the genome of Schu S4
(57 out of 200), whereas the global proportion of inactivated
genes is 12.6%. Similarly, 24.9% of genes within 1 kb from
genomic breakpoints are inactivated in the genome of LVS,
whereas the global proportion of inactivated genes is 16.3%.
Figure 2a shows that, to a lesser extent, the genes within 3 kb
from a breakpoint are also more likely to be inactivated than
are the genes in the rest of the genome. In Schu S4, 15.4% of
genes between 1 and 2 kb from a breakpoint are inactivated
and 17.1% are between 2 and 3 kb. Similarly in LVS 18.8% of
the genes between 1 and 2 kb from a breakpoint and 22.1%
between 2 and 3 kb are inactivated. It is unlikely that genomic
rearrangements could directly have caused mutations as far
as 3 kb from the breakpoints. It is more likely that the rear-
rangements disrupted the transcriptional unit to which these
genes belong. If these genes are no longer transcribed, then
their sequences are no longer subjected to selection and
evolve by neutral genetic drift, eventually causing the disrup-
tion of the ORF through mutation.
In agreement with this conjecture, predicted operons located
at breakpoints are more likely to contain more than one pseu-
dogene, in Schu S4 by 4-fold and in LVS by 1.4-fold. An
additional argument in favor of the inactivation of some genes
by genetic drift is the uneven distribution of pseudogenes
across functional categories (Figure 2c). Pseudogenes and
absent genes of the holarctica and tularensis genomes have
been assigned to functional categories based on the annota-
tion of their functional counterpart in the genome of U112.
For example, 41.2% of the genes predicted to be involved in
amino acid biosynthesis in the genome of novicida are inacti-
vated in the genome of one or both of the other subspecies.
Similarly, 43.1% of the genes predicted to encode transporters
are inactivated in the genomes of holarctica and tularensis.
Remarkably, the distribution in functional categories is the
same for genes inactivated in one genome and those inacti-
vated in both. Likewise, it was previously observed in the
genomes of Salmonella typhi and S paratyphi that the pseu-
dogenes were different but appeared to belong to the same
pathways and operons [11]. The over-representation of pseu-
dogenes in certain functional categories suggests a loss of
function associated with specific pathways, resulting in the
decay of multiple genes in these categories [40]. Following
the disruption of a biologic process by the inactivation of one
gene, other genes involved in this process are no longer sub-
jected to selective pressure.
Inactivation of the leucine and valine biosynthesis pathway illustrates 
the proposed evolutionary scenario
This example illustrates the proposed model of evolution of
Francisella human pathogenic strains: initial inactivation of
a gene in the ancestor of the subspecies tularensis and holarc-
tica (potentially pathoadaptive) and further gene inactivation
in regions no longer subjected to selective pressure before
and after subspeciation.
In the genome of U112, the genes involved in leucine and
valine biosynthesis are organized in two operons: one con-
tains leuB, leuD, leuC, leuA, and ilvE; and the other one con-
tains ilvD, ilvB, ilvH, and ilvC. All genes are expressed in richR102.10 Genome Biology 2007,     Volume 8, Issue 6, Article R102       Rohmer et al. http://genomebiology.com/2007/8/6/R102
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medium (Rohmer and coworkers, unpublished data). In the
tularensis and holarctica strains the leucine, isoleucine, and
valine biosynthesis pathway is inactivated. Based on the
organization of the two regions depicted in Figure 3, we can
infer events that took place in leu and ilv loci. Two ISFtu1 ele-
ments are associated with the leu operon in both human path-
ogenic strains and have the same bordering sequences: the
same portions of leuA and the upstream sequence of leuB.
Hence, the insertion of two ISFtu1 elements has taken place
in the leu operon of the ancestor of the two strains and dis-
rupted leuA and the upstream region of leuB. All sequences of
the leu operon are still present in the genome of LVS, but they
are scattered to three different locations, all associated with
ISFtu1 elements. In the genome of Schu S4, leuB, leuD, and
leuC have been deleted and one IS element sits in place of the
deletion (Figure 3). It seems therefore that the two ISFtu1 ele-
ments inserted in the genome of the ancestor underwent dif-
ferent recombination events in each strain. The ilv operon
contains distinct mutations in the genome of LVS and Schu
S4; in LVS ilvB (FTL_0913-FTL_0914) and ilvD (FTL_0911-
FTL_0912) are inactivated by a 100 bp deletion and a 350 bp
deletion, respectively, whereas in Schu S4 ilvC (FTT0643)
and ilvB (FTT0641) are inactivated because of a nonsense
mutation and a single nucleotide deletion, respectively. The
distinct origin of the inactivation of the ilv operon indicates
that mutations took place after divergence as well.
The distribution of pseudogenes is uneven in the genome and across functional categories Figure 2
The distribution of pseudogenes is uneven in the genome and across functional categories. (a) Pseudogenes are more likely to be found near genomic 
breakpoints than in the rest of the genome. B. Genes inactivated both in Schu S4 and live vaccine strain (LVS) and sharing the same inactivating mutation 
are more likely to be near a genomic breakpoint than those not sharing the same inactivating mutation. (c) Missing and inactivated genes in the genomes 
of Francisella tularensis subspecies tularensis (F.t.t.) Schu S4 and Francisella tularensis subspecies holarctica (F.t.h.) LVS are not evenly distributed across 
functional categories. F.t.n., Francisella tularensis subspecies novicida; kb, kilobases; LPS, lipopolysaccharide.
(c) Proportion of genes functional or inactivated in the genomes of F.t.h. LVS and F.t.t.
Schu S4 relative to the genome of F.t.n. U112
(a) Proportion of genes inactivated in each interval of distance from
breakpoints
(b) Proportion of all pseudogenes common to
F.t.t.S c h uS 4a n dF.t.h. LVS located within 1 kb
of a breakpoint
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Predicted impact of the genetic differences on the 
pathogenicity of F tularensis
Potential virulence factors found in the U112 genome and common 
to all F tularensis strains
As described in the Introduction (above), virulence strategies
overlap in the three subspecies. Here, we provide a list of vir-
ulence factors complementary to those previously predicted
[16,25,41] using the U112 genome as a reference (Additional
data file 2). A variety of protein features are potentially indic-
ative of a role in virulence, such as the presence of a protein
domain previously associated with a virulence function, the
presence of a eukaryotic domain, or homology to eukaryotic
proteins sufficiently high to suggest a role in the host cell [42-
44]. A total of 129 proteins in U112 revealed one or more of
Inactivating mutations in two operons illustrate the ongoing process of gene decay Figure 3
Inactivating mutations in two operons illustrate the ongoing process of gene decay. The leu operon and the ilv operon, which work in concert, accumulated 
inactivating mutations in the genome of Francisella tularensis subspecies tularensis (F.t.t.) Schu S4 and F tularensis subspecies holarctica (F.t.h.) live vaccine strain 
(LVS). The ISFtu1 element that disrupted leuA and the ISFtu1 integrated upstream of leuB share the same bordering sequences in both genomes. The 
inactivating mutation in leuB is the same in both genomes as well. Therefore, these events are believed to have taken place in the leu operon before 
divergence into two subspecies. The other mutations in the regions of the leu operon and the ilv operon are of different origins in the two genomes, 
indicating that these mutations took place after the subspeciation.
engB FTN_1044 ilvD ilvB ilvH ilvC
mfd
engB FTT0637-9 ilvD ilvB ilvH ilvC
mfd
engB FTL_0907-8 ilvD ilvB ilvH ilvC
mfd
F.t.n. U112
F.t.t. Schu S4
F.t.h. LVS
FTN_0058 leuB leuC leuA ilvE ppdK leuD
leuB leuC leuA leuD FTL_1892 FTL_1884 ISFtu1
ISFtu1
ISFtu2
leuA ilvE ppdK
ISFtu1 FTL_0127
ISFtu1
FTL_0052-FTL_0053 FTL_0055
ISFtu1 FTT1644
FTT1640 FTT1641 FTT1639
leuA ilvE ppdK
ISFtu1 FTT0254
F.t.n. U112
F.t.t. Schu S4
F.t.h. LVS
leuB, leuD, leuC, leuA and ilvE operon
ilvD, ilvB, ilvH and ilvC operon
Met-tRNA
Pseudogene
Functional gene
ISFtu1
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these features. Interestingly, only 80 of them were present
and functional in both of the other genomes (Additional data
file 2). This suggests that many of these 129 proteins are not
involved in virulence or are not essential for the virulence in
humans. It is still conceivable that these proteins confer a
capacity to infect hosts or to target functions that the subspe-
cies holarctica and tularensis no longer utilize, or they may
even be detrimental to the bacterium in the human host.
The ORF FTN_0921 in novicida U112 (FTT1043 in Schu S4)
is homologous to a Legionella macrophage infectivity poten-
tiator. FTN_1151 (FTT1170) contains Sel1 eukaryotic
tetratrico peptide repeats and is homologous to EnhC and
EnhA of Coxiella burnetii, which promote entry of Coxiella
into host cells. These two proteins could contribute to entry of
the bacteria into the macrophage. FNU1336 (FTT1332) may
be a hemolysin. FTN_0403 (FTT0877c) is only homologous
to eukaryotic proteins and, in particular, to a family of mem-
brane-bound proteins with which it shares a pair of repeats,
each spanning two transmembrane helices connected by a
loop. The PQ motif found on loop 2 was shown to be critical
for the localization of cystinosin to lysosomes [45].
FTN_0083 (FTT0243) may interact with the cytoskeleton of
the host cell because it contains an α-tubulin suppressor or
related RCC1 domain. FTN_0171 (FTT0195) has ankyrin
repeats, sometimes present in bacterial virulence factors.
Larsson and coworkers [25] pointed out that the genome of
Francisella tularensis does not encode any of the secretion
systems that are usually associated with pathogenicity (type
III and type IV). A protein homologous to toxin secretion ABC
transporters (FTN_1693) and HlyD-family secretion proteins
(FTN_0029, FTN_0718, and FTN_1276) may play a role in
the delivery of virulence factors. It has been shown that a
secretion system similar to type II and type IV systems is
responsible for the secretion of virulence factors in U112 [29].
TolC appears to play a role in virulence in U112 as well in hol-
arctica  strains [46]. Secretion through these systems first
requires protein translocation through the bacterial inner
membrane via an independent export system. A full and func-
tional sec system was identified in the genome of U112 as well
as in the genomes of Schu S4 and LVS. This suggests that
some of the proteins that are exported outside the cell may
contain a signal peptide, promoting their translocation across
the inner membrane via the sec system. Hence, we suggest
that there may be proteins that interact with host factors that
are yet to be identified among the set of proteins with a pre-
dicted signal sequence.
Functions specific to the human pathogenic subspecies holarctica 
and tularensis
We consider functions to be specific to the human pathogenic
subspecies if either their DNA sequence is solely found in
these strains, or their counterparts in the nonpathogenic
novicida are inactivated. We have found 41 genes whose DNA
sequence is specific to holarctica  and  tularensis  and five
genes common to these subspecies that are pseudogenes in
U112. In addition, there are 20 duplicated genes in Schu S4
and 34 in LVS. Included in this set is the duplicated
pathogenicity island, of which there is only one copy in U112
[26]. The duplication of the Francisella pathogenicity island
may provide a higher level of expression of the virulence
genes it carries, as it is the case for the Shiga toxin genes in
Shigella dysenteriae 1 [47]. Potentially, greater expression of
these pathogenicity genes could play a role in virulence in
humans.
Among the 41 genes found solely in the genome of the holarc-
tica and tularensis subspecies, 24 have no predicted function
(Table 2). Some of the 41 genes could be linked to the patho-
genicity of the human pathogenic strains. Six genes involved
in the biosynthesis of the O-antigen of lipopolysaccharide in
type A and type B strains have no counterparts in U112. The
U112 subspecies carries a different set of genes for this
function. This could explain the difference noted in the struc-
ture of the O-antigen of U112 as compared with those of tula-
rensis strains [48]. The difference in the O-antigen part of the
lipopolysaccharide structure could contribute to the differ-
ence in host range observed between the three subspecies. In
addition to sequence-specific genes, five U112 pseudogenes
are functional in both holarctica and tularensis. It may be
that inactivation of these genes impairs the virulence of the
strain U112 in humans, but the functions they encode do not
suggest this possibility. Two of these genes encode nicotina-
mide ribonucleoside (NR) uptake permease family proteins
(FTT0707 and FTT1090), but four other genes found in the
U112 genome encode proteins of this family and some of their
counterparts have become pseudogenes in the genome of hol-
arctica and tularensis strains. Hence, these genes may have
been inactivated because of functional redundancy.
FTT0666c (homologous to some methylpurine-DNA glycosy-
lases), inactivated in U112, may be involved in DNA repair fol-
lowing DNA damage induced by stress. FTT1076 (hipA), a
protein that potentially is involved in persistence after expo-
sure to antimicrobial products or other stressful conditions
[49], is also inactivated in U112. It is therefore possible that
U112 may be less resistant to human responses than the hol-
arctica and tularensis strains. Finally, FTT1450c, wbtM on
the O-antigen gene cluster, encodes a dTDP-D-glucose 4,6-
dehydratase. Because some components of lipopolysaccha-
ride are missing in U112, it is possible that FTT1450c in U112
has degenerated over time because of lack of selection. It
would be interesting to examine the state of these five genes
in the novicida strains isolated in humans [20,21,50].
Some of the functions specific to F tularensis subspecies tularensis 
Schu S4 may promote the high virulence of type A strains
Comparison between the three genomes reveals regions
encoding nine proteins specific to Schu S4 and potentially to
the subspecies tularensis. The RD8 11.1 kb specific region [37]
carries six functional genes and two pseudogenes (FTT1066
to FTT1073). Three genes in this region suggest that it could
be a phage remnant: a type III restriction-modification sys-http://genomebiology.com/2007/8/6/R102 Genome Biology 2007,     Volume 8, Issue 6, Article R102       Rohmer et al. R102.13
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tem restriction enzyme that is apparently nonfunctional
(FTT1067); a DNA helicase, which is also nonfunctional
(FTT1070); and a predicted antirestriction protein
(FTT1071). The five other proteins have no predicted func-
tion. This region is bordered on each side by ISFtu1 elements.
Because it is specific to all type A strains and exhibits proper-
ties of genomic islands (low G+C content and proteins related
to mobile elements), the region may be a pathogenicity island
that contributes to the virulence of tularensis. FTT1580c, a
hypothetical protein, was detected in the region of difference
RD1 [37] as specific to the subspecies tularensis. Two hypo-
thetical proteins, namely FTT1308c and FTT1791, were also
determined to be specific to Schu S4 in the three-way compar-
ison. They were not detected in the regions of difference
obtained by Broekhuijsen and coworkers [37] and Svensson
and colleagues [38], and so it is possible that these genes are
not specific to tularensis strains or are not present in all tula-
rensis strains. Alternatively, the differences are not detecta-
ble with the techniques used by the authors.
In addition to the sequence-specific functions, some func-
tions (encoded by 20 genes) are specific to Schu S4 because
they are pseudogenes or absent in the genomes of U112 and
LVS. Table 3 lists these 20 genes. A predicted O-methyltrans-
ferase (FTT1766) is only functional in Schu S4, and could
influence the composition of the bacterial surface. FTT0939,
an adenosine deaminase, is only functional in type A strains.
This enzyme is predicted to be involved in purine salvage.
This could be important to consider for vaccine design,
because inactivation of the purine biosynthesis pathway of a
type A strain may not result in the significant reduction of fit-
ness that has been observedin type B [51] and novicida strains
(data not shown).
Loss of function specific to holarctica may be responsible for the 
lower level of virulence of these strains when compared with 
tularensis strains
Eight additional genes involved in regulation are inactivated
in the genome of holarctica alone (Additional data file 1). Six
of these genes belong to the LysR transcriptional regulator
family. The regulators of the LysR family have diverse targets,
including virulence genes and genes that are involved in
response to a specific environment. The genome of holarctica
strains also exhibits a higher number of pseudogenes in the
functional category 'motility, attachment, and secretion
structure'. Although three genes encoding potential pilins are
inactivated in both subspecies, the holarctica genome under-
went inactivation of four additional genes encoding pilins and
two predicted to encode membrane fusion proteins. Attach-
ment and motility are key aspects of pathogenicity, and inac-
tivation of these genes may lower the efficiency of infection of
humans by holarctica strains. In addition, six genes that are
potentially involved in DNA repair are solely inactivated in
holarctica (including one encoding a photolyase that repairs
mismatched pyrimidine dimers, and one that encodes the
protein mutT, which is involved in removing an oxidatively
damaged form of guanine). This could explain the higher rate
of mutation in holarctica strains than in tularensis strains,
and may indirectly be responsible for the inactivation of
genes that are important for the pathogenicity of holarctica
strains.
Loss of function common to tularensis and holarctica provide clues 
to possible pathoadptation and to the properties of the 
environmental niches they occupy during their life cycle
Our data suggest that more than half of the pseudogenes in
the human pathogenic strains appeared relatively late in their
evolution, after the subspeciation. If pathoadaptive muta-
tions occurred, then it is more likely that they took place
before the divergence of the pathogenic strains, rather than
twice, independently in each pathogenic subspecies. The 84
pseudogenes in the two human pathogenic strains that have
arisen in the genome of their common ancestor are listed in
Additional data file 1. Significantly, the gene pepO is part of
these early mutants in the human pathogenic strains. This
gene is active in U112, but a strain U112 in which pepO
(FTN_1186) is inactivated spreads more to systemic sites
[29]. Similarly, the system used to secrete pepO and other
proteins [29] was also altered in the ancestor of the human
pathogenic strains (FTN_0306 and FTN_0389). The distri-
bution of the early pseudogenes across functional categories
is similar to the distribution of the entire set of pseudogenes
(data not shown). However, although eight independent
pathways of amino acid biosynthesis are inactivated in one or
both human pathogenic strains (24 genes), only one biosyn-
thesis pathway is inactivated in the ancestral strain: the bio-
synthesis pathway for leucine, isoleucine, and valine. This
suggests that the biosynthesis of most amino acids is not
required in the current niche of tularensis  and holarctica
subspecies, but also that only leucine/isoleucine/valine
biosynthesis may have played a role in preventing virulence in
the human niche. Three transcriptional regulators are inacti-
vated in both genomes: two regulators of the LysR family, and
kdpD  and  kdpE, which form a two-component regulator.
Numerous genes encoding transporters are also inactivated.
Hence, it is apparent that the tularensis and holarctica sub-
species have lost their ability to adapt to or exploit some con-
ditions, and perhaps have undergone niche restriction.
Conclusion
The three-way genomic comparison described in this study
illustrates the value of comparing closely related genomes of
a nonpathogenic strain and human pathogenic strains. It
allowed us to perform a detailed analysis of the events that
may have led to the emergence of Francisella human patho-
genic strains. The emergence could have been initiated by the
gain or loss of function (pathoadaptivity) that took place in a
few bacteria, an event that enables them to colonize an envi-
ronment de novo, or more successfully than before. This step
constitutes a first evolutionary bottleneck because only a
small number of bacteria undergo the genomic change, andR102.14 Genome Biology 2007,     Volume 8, Issue 6, Article R102       Rohmer et al. http://genomebiology.com/2007/8/6/R102
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any mutation that was carried in this restricted set of bacteria
is conserved within the pathogenic population. Consequently,
IS transpositions and nucleotide substitution may have
caused gene decay as the result of genetic drift and evolution-
ary bottlenecks (such as small inocula during an infection).
The features of the holarctica and tularensis genomes are
consistent with those observed in other facultative or recent
obligate intracellular highly pathogenic bacteria. Conse-
quently, our analysis could contribute to deciphering the evo-
lutionary processes that take place in other facultative or
recent obligate intracellular, highly pathogenic bacteria.
Materials and methods
Genome sequencing and validation
Whole genome shotgun sequencing was used to sequence the
F tularensis subspecies novicida U112 [52] genome, as per
the standard protocols followed in the University of Washing-
ton Genome Center [53,54]. In all, 32,180 plasmid and 1,728
fosmid paired-end sequencing reads were attempted, which
provided 10.3× sequence coverage for the U112 genome
(average Q20 614 bases/read, failure rate 16.3%). The
genome was assembled using Phred/Phrap software tools
[55,56] and viewed in CONSED [57]. The assembly contained
213 contigs, with 98 contigs being more than 2 kb in size.
Genome finishing was initially attempted by carrying out
experiments designed by the Autofinish tool in CONSED
[58]. Manual finishing by an expert finisher followed four
reiterative rounds of Autofinish. The finished F tularensis
subspecies novicida U112 genome assembly contained 29,180
sequencing reads. Experimentally derived fingerprints from
fosmid clones were compared with the virtual sequence-
derived fragments from the finished genome using the
SeqTile software developed in-house (Gillett, unpublished
data). Correspondence between the experimentally and
sequence derived fingerprints was observed, validating the
final F tularensis subspecies novicida U112 genome assem-
bly. The replication origin was determined using the software
Oriloc [59].
Genome-wide comparisons
The genome sequences of F tularensis subspecies holarctica
strain LVS and F tularensis subspecies tularensis Schu S4
used were those of the published annotation (NC_007880
and NC_006570, respectively). Genomic sequence compari-
sons were performed with the program Nucmer from the
package MUMmer [60] using a minimum cluster length of
650 bp. The software show-coords of the same package was
then used to infer the degree of similarity and to map the
genomic fragments of the query genome onto the reference
genome. Additional curation of the output of show-coords
was performed using custom Perl scripts. Fragments inferred
to be strain specific were searched against the genomes of
other strains using the algorithm megablast [61] to confirm
their specificity.
Identification of genes in Francisella genomes
Protein coding sequences in the genome of F tularensis sub-
species novicida strain U112 were predicted using Glimmer
2.13 [62] and manually curated. The protein coding regions
for F tularensis subspecies holarctica strain LVS and F tula-
rensis subspecies tularensis Schu S4 were those of the pub-
lished annotation (NC_007880 and NC_006570,
respectively).
Identification and comparison of the three Francisella 
genomes
We initially used the protein sequences to determine ortholo-
gous genes. Orthologous proteins in the three strains were
first determined by reciprocal best hit (RBH) using the blastp
algorithm [63,64]. When no orthologous gene was found in
one genome, the blastn algorithm was used to search for a
matching sequence in the genome in which it was missing,
and - when present - the sequence was associated with the
sequences of the orthologs in the other genomes. When the
orthologous protein sequences differed in length by more
than 30% (a threshold more conservative than the standard
[20%] determined by Lerat and coworkers [65,66]), the gene
encoding the shortest protein was designated a pseudogene,
which represented about 73% of all pseudogenes in the
genome of Schu S4. When the size differed by 10% to 30%, the
protein alignments were examined and the status of the gene
(functional or pseudogene) was assigned manually. Usually,
these cases matched pseudogenes with a frameshift leading to
a protein of similar size or a mutation close to the 5' extremity
(such as an IS element insertion), where the ORF predictor
would predict an ORF beginning at the next available start
codon.
Genome annotation
Gene descriptions and functional categories were manually
determined based on homologies to domains found in the
PFAM database [67], the Prosite database [68], and the cdd
database [69]; homologies to proteins of the nr database and
the TCDB database [70]; as well as by complementary
approaches such as the Gotcha method [71] and the Pathway
tools software [72]. A distinction was made between genes
encoding hypothetical proteins, for which no significant hom-
ology could be detected in any database except for nr, and
genes encoding proteins of unknown function, for which no
significant homology could be detected in any database
except for nr, but were shown to be expressed by U112 in rich
medium (data not shown). Transcriptional units were pre-
dicted using the operon finding software (ofs) version 1.2 [73]
and selecting all predictions with a final probability of 0.46 or
greater. The size of the operons varied from two to 29 genes
(encoding ribosomal proteins). tRNAs were determined with
tRNAscan-SE [74]. rRNA operons were determined by
searching the genome for conserved rRNA sequences using
the blastn algorithm [63]. The cellular location of encoded
proteins was predicted with PSORTB [75]. The presence of a
potential signal peptide necessary for secretion by the sec sys-http://genomebiology.com/2007/8/6/R102 Genome Biology 2007,     Volume 8, Issue 6, Article R102       Rohmer et al. R102.15
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tem was predicted with signalP [76]. IS elements were identi-
fied using the megablast algorithm [61] with the sequences
from the ISfinder database that were kindly provided by the
database curators [77]. Proteins with domains associated
with transposase activity were all examined manually. The
annotation was added into Genbank (Refseq: NC_008601).
Additional data files
The following additional data are available with the online
version of this paper. Additional data file 1 lists the 1,745
genes (functional or inactivated) that were identified in F
tularensis subspecies novicida U112; their orthologous coun-
terparts in the genome of F tularensis subspecies tularensis
Schu S4 and F tularensis subspecies holarctica LVS are listed
when available. Additional data file 2 catalogs the 80 candi-
date virulence genes of F tularensis subspecies novicida U112
that are also present in holarctica and tularensis genomes.
Additional data file 3 lists the duplicated genes (100% iden-
tity) in the genomes of F tularensis subspecies  tularensis
Schu S4 and F tularensis subspecies holarctica LVS, and their
counterpart in F tularensis subspecies novicida U112.
Additional data file 1 Orthologous genes identified in Francisella tularensis genomes A total of 1,745 genes (functional or inactivated) were identified in  Francisella tularensis subspecies novicida U112; its orthologous  counterpart in the genome of Francisella tularensis subspecies  tularensis Schu S4 and Francisella tularensis subspecies holarc- tica LVS is listed when available. Click here for file Additional data file 2 Candidate virulence genes Eighty candidate virulence genes of Francisella tularensis subspe- cies novicida U112 are also present in holarctica and tularensis  genomes. Click here for file Additional data file 3 Duplicated genes in human-pathogenic subspecies Provided is a list of the duplicated genes (100% identity) in the  genomes of Francisella tularensis subspecies tularensis Schu S4  and Francisella tularensis subspecies holarctica LVS, and their  counterpart in Francisella tularensis subspecies novicida U112. Click here for file
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